The cell dynamics and responses of individual neuronal cell types during whole-33 body axis regeneration are not well understood in any system. We exploited transgenic 34 technology to track individual neuronal subtypes within regenerating Nematostella 35 vectensis nerve nets in vivo. Individual neuronal subtypes had specific responses that 36 included always, never, and conditional regeneration. Regenerates were smaller than the 37 pre-amputated animal, and the nerve net was reduced in neuronal number. The reduced 38 nerve net in regenerates led us to investigate whether the nerve net scaled with changes in 39 body size. Neuronal number decreased as animals shrunk in response to starvation. 40
vivo in planarians is currently not feasible. As such it is not clear if neuronal number is 60 dynamic within any one individual. The lack of understanding about the cellular 61 dynamics during whole-body axis regeneration limits our ability to interpret functional 62 systems, regenerates and animals that had been starved still responded to being touched 94 and were capable of feeding, suggesting that the reduction does not inhibit functionality. 95
These data suggest that the Nematostella nerve net is highly dynamic and scales with 96 body size. To the best of our knowledge, these findings are the first evidence that 97 regenerative responses of individual neurons are variable during whole-body axis 98 regeneration. These data indicate that the molecular mechanisms enacted to promote 99 regenerative neurogenesis likely vary based on the size of the remnant fragment and 100 which neuronal subtypes must regenerate. 101 102
Results: 103
Neuronal subtypes display differential regenerative potentials. 104
To determine how neuronal subtypes regenerate, our goal was to bisect animals 105 into two equal halves (Oral and Aboral remnants) and measure the neuronal response in 106
Aboral remnants ( Figure 1A ). We focused on Aboral remnants because there are 107 morphological indicators for when regeneration has completed and a well-established along the oral-aboral axis when treated with MgCl2, and the wound site on both remnants 111 curls in, which makes using measurements to ensure the cut site is always in the same 112 position unreliable. However, the number of longitudinal neurons in the NvLWamide-113 like::mCherry transgenic animals scale with animal length and appear to be evenly 114 distributed along the oral-aboral axis (Havrilak et al. 2017) . We reasoned that if evenly 115 distributed, quantifying longitudinal neurons pre-and post-amputation could be used as a 116 proxy for length, and allow us to confirm amputation occurred in the intended location. 117
The oral-aboral axis was divided into 4 equal quarters, and the longitudinal neurons were 118 quantified in each quarter in animals of various lengths. Each quarter contained similar 119 numbers of longitudinal neurons with no statistical difference between the numbers of 120 neurons in any of the quarters ( Figure 1B) . Thus, we were justified in using longitudinal 121 number to track amputation sites and as a proxy for length. 122
To quantify regeneration of individual neuronal subtypes we used animals that 123 were 2.5 to 8.5 mm long (Supplemental Figure 1A) , because this range represents the 124 sizes of naturally occurring wild-caught animals found along the East Coast of the United 125
States (Adam Reitzel, personal communication, 11/2018). Animals in this size range also 126 have a manageable number of longitudinal and tripolar neurons for quantification. We 127 focused on longitudinal, tripolar, pharyngeal, and tentacular neuron subtypes described 128 by the NvLWamide-like::mCherry transgene (Havrilak et al. 2017 ). Tentacular and 129 pharyngeal neurons are specifically located at the oral end of the animal, whereas 130 longitudinal and tripolar are evenly distributed along the oral-aboral axis in the endoderm 131 and ectoderm, respectively ( Figure 1C ) (Havrilak et al. 2017; Layden et al. 2016 ). We 132 excluded the NvLWamide-like::mCherry+ mesentery neurons from this analysis. This is 133 because the ruffled mesentery structure and large number of mesentery neurons made 134 quantification unreliable. With the NvLWamide-like::mCherry line it is possible to easily 135 score for the regeneration of oral specific neurons (tentacular and pharyngeal), as well as 136 track regeneration of an individual neuronal subtype in both the endoderm and ectoderm. 137
To characterize neuronal subtype regeneration animals were allowed to relax, 138
MgCl2 was added to relaxed animals, and the number of longitudinal and tripolar neurons 139 were quantified (uncut) ( Figure 1C the midpoint were ~65% of their pre-amputated length at 7dpa, with the caveat that 157 precise length measurements were difficult (Supplemental Figure 1A and B). 158
Nevertheless, it is clear that regenerates did not return to their precut length, and that 159 longitudinal and tripolar neurons were decreased compared to the uncut starting number 160 for all regenerates. We conclude that the nerve net of regenerates is reduced in terms of 161 neuronal number compared to the uncut parental animal. 162
We observed pharyngeal and tentacular neuron regeneration in 100% of 7dpa 163 regenerates (N = 73; Figure 1E ; Supplemental Figure 3 ). Further characterization 164 suggested that tentacular neurons were visible in the forming tentacle buds by 72hpa, and 165 that pharyngeal neurons were first detected between 48 and 72hpa (Supplementary Figure  166 3). We concluded that both tentacular and pharyngeal neurons regenerated and their 167 regeneration coincides with the re-appearance of their corresponding tissues. 168
To better understand regeneration of longitudinal and tripolar neurons, which are 169 present in both the Aboral remnant and regenerates, we quantified changes in neuronal 170 number throughout regeneration (Figures 1F-I). Since the number of longitudinal neurons 171 never returned to the initial starting numbers in any of the animals, we focused our 172 investigation on the time between when they were cut (time 0 cut) and after they fully 173
regenerated (7dpa) (Figures 1 G and I, boxed regions in F and H, respectively). 174
We initially treated all regenerates equal regardless of size, but observed 175 differential regeneration of longitudinal neuronal subtypes that appeared to be size 176 dependent. For the remainder of analysis we will describe the longitudinal and tripolar 177 regeneration in four different size groups, based on the starting number of longitudinal 178 neurons present in the uncut animal. We categorized animals as small (20-40 longitudinal 179 neurons or ~2.5-5 mm), medium (41-60 longitudinal neurons or ~3.5-5.5 mm), medium-180 large (61-80 longitudinal neurons or ~5-7.5mm), and large (81-100 longitudinal neurons 181 or ~6.5-8.5 mm) (Supplemental Figure 1A) . Both size and longitudinal number were used 182 to classify animals for the reasons discussed above. longitudinal neurons significantly increased between 24hpa to 7dpa in small and medium 188 animals (p < 0.001 and p = 0.001, respectively). The numbers of longitudinal neurons in 189 7dpa regenerates were statistically similar to the numbers observed in time 0 cut animals 190 for both small and medium groups (small: p = 0.77, medium: p = 1.00), suggesting (Figure 1I , p < 0.001). 202
We conclude that longitudinal neurons display differential regenerative potential 203 that corresponds to the size of the pre-amputated animal, and that tripolar neurons do not 204 demonstrate any regenerative potential. When smaller Aboral fragments were generated from large animals by aborally 221
shifting the amputation site to remove 75% of the oral-aboral axis (Figure 2A 24hpa and 7dpa (p = 1.00). When the amputation site of small animals is orally shifted 232 ( Figure 2B ), the increased Aboral remnant fragment has a similar number of remaining 233 longitudinal neurons as the fragment generated by bisecting a medium animal into two 234 equal halves ( Figure 2G and H, black lines). Longitudinal neurons showed a trend 235 towards regeneration in small animals with an orally shifted amputation site, similar to 236 the medium sized animals ( Figure 2G , H, compare black and faded green lines) but the 237 increase in number between 24hpa and 7dpa was not statistically significant (p = 0.469) 238
However, the number of neurons at 7dpa is also not statistically significant from the 239 number at time 0 cut, (p = 0.119), but the time 0 cut and 24hpa values are different (p < 240 0.001), suggesting that the trend towards regeneration is real and that variability in 241 responses of small animals by 7dpa are the source for lack of statistical significance. 242
The size of the remnant fragment appears to play a larger role in dictating the 243 regenerative potential of longitudinal neurons than the starting size of the pre-amputated 244 animal. Overall, these data suggest there are at least three regenerative responses for 245 neuronal subtypes in Nematostella. Class I neurons that regenerate 100% of the time 246 following amputation (tentacular and pharyngeal NvLWamide-like neurons); Class II 247 neurons, which do not regenerate by 7dpa (tripolar NvLWamide-like neurons); and Class 248 III neurons that have differential regenerative abilities likely controlled in part by the size 249 Animals would be either starved or fed for seven weeks, then the feeding regimen would 269 be changed for the remaining seven weeks. However, we found our largest animals that 270 were initially fed (the feed-starve treatment group) became too large to accurately count 271 within the time constraints of our paralytic after 3 weeks into our feeding regimen. We 272 therefore switched the animals to starvation for the remaining 11 weeks in both Figure 5C and D, p < 0.001) significantly increased. Following 279 the switch to a starvation regime, the fed then starved animals significantly shrunk in size 280 after 11 weeks ( Figure 3A and G, p = 0.008), and lost a significant number of 281 longitudinal ( Figure 3C and D, p = 0.003; Supplemental Figure 5A and B, p = 0.001) and 282 tripolar neurons ( Figure 3E and F, p = 0.031; Supplemental Figure 5C 3B) and their measured length showed a trend toward a shorter length ( Figure 3G , p = 287 0.098), suggesting the animal is slower to shrink in size than grow. Starved then fed 288 animals showed significant decreases in longitudinal neurons during the starvation 289 regime ( Figure 3C and D, p = 0.004; Supplemental Figure 5A and B; p = 0.031). Tripolar 290 neurons significantly decreased in the animals that were initially smaller to start ( Figure  291 3E and F, p = 0.029), and their decrease approached significance in animals that were 292 larger to start (Supplemental Figure 5 C and D, p = 0.094). When switched to feeding, the 293 starved then fed animals significantly increased in size ( Figure 3B We conclude that Nematostella scales at least part of its nervous system by 297 altering neuronal subtype number coincidently with increases or decreases in its size. 298 299
Increased Caspase 3 activity in neuron-like cells is observed in starved animals 300
Increase in neuronal number is due to birth of new neurons, and increased 301 apoptosis is the most likely cause for decrease in neuronal number. To assess if the loss 302 of neurons in starved animals is correlated with increased apoptosis, we stained fed and 303 starved animals with an a-Caspase 3 antibody that recognizes the p17 fragment of active 304
Caspase-3, a potential marker of apoptosis. Caspase-3 is an effector of the apoptosis 305 pathway (Elmore 2016) and has been identified as a key mediator in neuronal Our data suggest that apoptosis is not only playing a role in the loss of cells, 317
including some neuron populations in the starved animals, but also that apoptosis is 318 restricted primarily to the physa, which is the most aboral region of the body. We 319 conclude that starvation induces an increase in Caspase 3 activity in neuronal and non-320 neuronal cells, which suggests that decreases in animal size are due to induced cell death. 321 322
Scaled down nervous systems maintain the ability to respond to external cues 323
Lastly, we wondered if the Nematostella nervous system retained function in each 324 scale state. However, Nematostella are known to retract when challenged with a 325 mechanical stimulus. Thus, we decided to determine if Nematostella retained the ability 326 to respond to mechanical cues in different scale states. Because there are no quantified 327 behavioral assays available yet in Nematostella, we developed an action-reaction Poking 328 assay using a toothpick to induce a reaction response. Poking an animal near the tentacles 329 induced a contraction of the animal away from the stimulus (see Supplemental Movies 1-330 6). Each animal was poked three times in the most oral region of the body, and a positive 331 response was scored when the animal retracted their tentacles and/or their body at least 332 once in response to being poked. We observed variable responses to the Poking assay 333 (anywhere from entire body retraction to only retracting 1-2 tentacles). Therefore any 334 attempt to move their body away from the toothpick was classified as a positive response. 335
We first examined the behavioral response in pre-and post-regenerated animals 336 maintenance of the behavioral response in the regenerated animal suggests that the 341 reduction in the nervous system size did not limit the animal's ability to coordinate a 342 response to external mechanical cues. 343
We next performed the Poking assay in fed versus starved animals ( Figure 6 ; 344 Table1). We observed that animals starved (6-7 weeks) or fed (3 weeks) both responded 345 to the Poking assay ( Figure 6A -E, H-M; Table 1 ). As expected, we observed a significant 346 decrease of the numbers of longitudinal and tripolar neurons in the starved animals 347 (Figures 6F and G) and a significant increase in these neuronal numbers in the fed 348 animals ( Figure 6N and O). We conclude that retraction in response to a mechanical cue 349 behavior is not dependent on the size of the nervous system. These preliminary findings 350 suggest that the neurocircuitry for at least some behaviors are retained regardless of the 351 overall size of the nerve net. This study represents the first study we are aware of to track neuronal subtype 358 regeneration in vivo in individuals undergoing whole-body axis regeneration. We found 359 that individual neuronal subtypes have differential potential to regenerate new neurons, 360 and this is based in part on the size of the remnant fragment. We therefore grouped 361 neurons into three classes based on regenerative response. Class I neurons that 362 regenerated 100% of the time, Class II neurons that did not regenerate following 363 amputation, and Class III neurons, which are perhaps the most interesting, because they 364 are capable of regenerating under some but not all circumstances. We were initially 365 concerned that the lack of regeneration observed in Class II and sometimes Class III 366 neurons was due to delayed regeneration, particularly in larger animals. Regeneration 367 occurred within seven days regardless of the size of the animal. Larger animals would 368 need to regrow more tissue to go from ~50% (following amputation) to ~65% pre-cut 369 length (after regeneration) (Supplemental Figure 1) . To accomplish this, they would need 370
to proliferate more rapidly than smaller animals and an increase in proliferation rates 371 could delay longitudinal differentiation, whereas tripolar regeneration could be delayed in 372 all cases. We did check regenerates at 12 and 14dpa and we saw no change from the 373 neuronal numbers observed at 7dpa (data not shown), suggesting that there is no delay in 374 longitudinal specification in larger animals nor any delay in tripolar regeneration. We 375 argue that there is fundamental difference in why longitudinal neurons regenerate in 376 smaller but not larger remnant fragments, and that Class II and Class III neurons are both 377 part of the normal regenerative response. 378
It is likely that all three neuronal classes described here are present in other 379 animals. Class I neurons were neurons that were present in structures that needed to starvation repopulated in animals that regrew once they were switched back to feeding 391 ( Figure 3 and Supplemental Figure 5 ). This suggests that the regenerative potential of any 392 neuronal subtype is not uniform across all regeneration paradigms. There is evidence for 393
Class III-like regenerative potential in other animals. For example, populations of 394 dopaminergic neurons in the brains of adult zebrafish have been shown to be diverse in 395 their regenerative capacity (Caldwell et al. 2019 ). Based on the fact that regenerates are 396 smaller than the pre-cut animal, that degrees of nervous system scaling is likely common 397 in animals, and that some amputations result in complete loss of some neuronal subtypes, 398
we predict that all three neuronal classes are common to all animals that undergo whole-399 body axis regeneration. 400 401
Nematostella nervous system scales with animal length. 402
Nematostella modulated the size of its nerve net by increasing or decreasing 403 neuronal number in response to feeding or starvation periods, and these changes were 404 reversible ( Figure 3) . The correlation between neuronal number and body size suggests 405
that Nematostella scales its nervous system with its body size. Importantly, Nematostella 406 maintains normal behaviors in each scale state ( Figures 5 and 6) . The potential scalability 407 of nervous systems has been suggested by studies using molecular markers to track 408 neuronal subtypes in planarians. Specific cell types, including visual cells and neural cells 409 in the brain, were shown to correlate with body length, and there is also a constant ratio 410 maintained between several types of neurons in the brain regardless of overall number 411 (Takeda et al. 2009 ). Although this planarian study was performed in fixed animals, their 412 findings are consistent with the dynamic and scalable nervous system found in 413
Nematostella. It should be noted that we did not address, and do not we rule out, that the 414
Nematostella nervous system may also scale by modulating connectivity of existing 415
neurons. 416
During both regeneration and body scaling, Nematostella retains normal body 417 form (Figures 1 and 3) , the ability to respond to a mechanical cue ( Figures 5, 6 with a smaller nerve net, we can infer that these animals are telling the difference 420 between a potential predator (toothpick) and prey (brine shrimp), because while the 421 animals responded to the Poking assay with a defensive retraction, they readily capture 422 and ingest the food. Taken together these observations suggest that the nervous system is 423 functional in all scale states. 424
425
Nervous system scalability may influence regenerative potential of neuronal 426
subtypes. 427
The fact that nervous systems scale with size in Nematostella, and that 428 regenerates are smaller than pre-cut animals, suggests that the differential regenerative 429 
Regeneration experiments 548
Longitudinal and tripolar neurons were quantified first on the uncut animal, then 549 immediately following bisection (time 0 cut), 24 hours post amputation (hpa), and 7 days 550 post amputation (dpa). Animals were either bisected in half with the cut site at oral-aboral 551 midpoint (~50% body removed), bisected below the pharynx ("oral shift", ~25% 552 removed), or bisected at the aboral end ("aboral shift", ~75% removed). Following 553 quantification and/or bisection, the remnant aboral fragment was washed with 554
Nematostella medium, then placed in the dark at room temperature. Prior to 555 quantification, animals were starved 4 days (Amiel et al. 2015; Passamaneck & 556 Martindale 2012). Animals were not fed for the duration of the experiment. 557 558
Feed/Starve experiments 559
For each animal, the number of longitudinal and tripolar neurons were counted at 560 Time 0, at the time of their feeding regime switch (starved to fed, 6-7 weeks later; fed 561 then starved 3 weeks later), and at the end of the 14 week experiment. All animals were 562 maintained on the same normal feeding schedule until Time 0 of the experiment. At this 563 time animals were randomly assigned to either the starve-feed group or feed-starve 564 group, then they were imaged, and their initial starting neural counts were taken. Animals 565 on the feeding regime were fed brine shrimp 2x/week plus oyster 1x/week, and were 566
given weekly water changes. 567 568
Poking assay 569
Animals were transferred to a depression slide containing Nematostella medium. 570
Once the animal had relaxed its tentacles a toothpick was slowly inserted into the 571 medium so as to not disturb the animal prematurely. The animal was then "poked" with 572 the tip of the toothpick at the oral region. The entire assay was video recorded and 573 analyzed to determine the animal's response. Following the "Poking assay", the animal 574 was left alone in the dish until it relaxed again, upon which the Poking assay was 575 performed again. The assay was performed 3 consecutive times. A positive response was 576 determined if the animal responded to being touched with a toothpick by retracting some 577 or all of its tentacles, scrunching or retracting in its mouth (oral region) or retracting its 578 entire body. To be considered responsive the animal had to react in at least 1 out of the 3 579 poking assays performed. 580 581
EdU Stain 582
EdU incorporation was carried out as previously described with modifications 583 (Fritz et al. 2013) . Animals were incubated with 330uM EdU in Nematostella medium for 584 30 minutes, then fixed as previously described (Fritz et al. 2013 ) and dehydrated to 100% 585
MeOH and stored at -20 o C. Following rehydration, samples were permeabilized in PBT 586 (PBS with 0.5% Triton X-100, Sigma) for ~2 hours. Animals were then treated with the 587 reaction cocktail (prepared following the Click-It protocol provided by the manufacturer, 588 with the exception of doubling the amount of Alexa Fluor azide) at room temperature in 589 the dark for 20 minutes. Following 5 long washes in PBT the animals were labeled with 590 propidium iodide for 1 hour while rocking, washed 5X in PBT and finally transferred to 591 90% glycerol for imaging. The between subject factors used were animal size category (small: 20-40mm, medium: 618 41-60mm, medium-large: 61-80mm, large: 81-100mm) and assigned feeding group 619 (Feed-Starve or Starve-Feed) for the regeneration and feed/starve experiments 620 respectively. A mixed ANOVA was also used to analyze changes in oral-aboral length 621 during the feed/starve experiment, with each observation of an individual serving as the 622 within-subject factor (week 1, week of feeding regime switch, and week 14) and assigned 623 feeding group as the between-subject factor (Feed-Starve or Starve-Feed). Data used for 624 ANOVA tests met assumptions of normality and homogeneity. Greenhouse-Geisser 625 corrected F-statistics were reported if sphericity was violated (i.e. Figure 1I ). When 626 omnibus ANOVA results were significant, post-hoc testing was performed using 627
Bonferroni corrections in order to maintain tight control over the type 1 error rate. Effect 628 sizes are reported as partial eta 2 (ηp 2 ). Full AVONA model results are reported in 629 
